The using of the high-speed (not less than 10 5 frames per second) video recording tools (Phantom) and the software package (TEMA Automotive) allowed carrying out an experimental research of laws of intensive vaporization with an explosive disintegration of heterogeneous (with a single solid non-transparent inclusion) liquid droplet (by the example of water) in high-temperature (500-800 K) gases (combustion products). Times of the processes under consideration and stages (liquid heat-up, evaporation from an external surface, bubble boiling at internal
Introduction
The fire extinguishing technologies by atomization of liquid compositions (water mist, water fog, water curtain) as a rule, are based on the supply of finely divided droplet flow into the combustion area [1] [2] [3] [4] [5] . Under these conditions, the emphasis is upon the decrease of droplet sizes (up to several tens of micrometers) and the increase of droplet number in a flux to rise the evaporation area [1] [2] [3] [4] [5] . The experimental researches [5] [6] [7] carried out in recent years illustrated that in case of typical fires, the probability of small droplet entrainment by high-temperature combustion products from the burning area is high. As a consequence, it is expedient to increase the droplet sizes when introducing into the flux of combustion products. At the same time, the droplet heat-up should be accelerated to intensify the vaporization in the burning area.
The approach to intensify the droplet heat-up of extinguishing liquid in the burning area by addition of solid inclusions into droplets illustrated that the mass velocities of vaporization can be significantly increased by addition of nontransparent particles (as an example of carbon, graphite, and aluminum) [5] . The experimental researches [7] carried out by using the modern panoramic optical methods (PIV [8] , IPI [9] , SP [10] ) allowed determining the characteristic evaporation speeds of heterogeneous droplets. According to the results of experi--------------- ments [7] , it was made an assumption that the intensification of vaporization takes place not only at a free surface of heterogeneous droplet but at internal solid inclusion/liquid interface. As follows, from the theoretical analysis of the experiment results [7] with heterogeneous liquid droplets in high-temperature gas areas, it was hypothesized that the conditions of an explosive vaporization inside the droplet and its destruction can be reached by addition of solid inclusion into liquid droplet. This effect will allow increasing the evaporation area of liquid composition within the actual fire situation zone in several times. At first the insufficient study of this effect can be explained, as a rule, by difficult [11, 12] processes of the formation and growth of bubbles at internal interfaces, high speeds of processes at intensive heat exchange -especially at the typical (more than 600 K) temperatures of fires, possible vaporization at external surface and internal interfaces. Currently, there are not any even simplified models to predict the conditions of an explosive vaporization of heterogeneous droplets.
The aim of this work is to establish experimentally the main laws of an explosive vaporization of heterogeneous (with solid particles) droplets of water in the combustion product flux which corresponds to the actual fire situations and to develop the predictive model of heat transfer.
Experimental set-up and methods
While researching, the set-up ( fig. 1 ) was used which was similar by the main elements to experiments [5] [6] [7] . High-speed video recording of heterogeneous droplet evaporation at the rod (3) (material -ceramic) was carried out. Two high-speed (to 10 5 fps) video cameras (Phantom V411 and Phantom Miro M310) (11) were used. The cameras were located on the 90° angle relative to each other. As a result, 3-D picture of an evaporating droplet was created. It allowed determining 3-D droplet sizes. A heterogeneous droplet was fixed into the channel of cylinder (8) (material -quartz glass, height 1 m, internal and external diameters -0.2 m and 0.206 m) which was full of combustion products of industrial alcohol. The frames of videograms from two cameras were processed on PC (14) by using TEMA automotive and phantom camera control software.
The burner (9) was placed at the base of the cylindrical channel (8) . An industrial alcohol, which was used later to generate high-temperature gases, was filled in the burner (9) . The choice of an industrial alcohol as a combustible liquid is due to less smoke generation ability in comparison with kerosene used in experiments [5] [6] [7] . On account of this, the sufficient droplet image contrast was provided during the video registration.
Three technologic holes were done in the cylindrical channel (8) (at a height of 0.3, 0.5, and 0.7 m relative to the base of burner (9) to fix the chromel-alumel thermocouples (7) (measuring temperature range 273-1373 K, measurement error ±3.3 K) and to insert the ceramic rod (3) with a fixed heterogeneous droplet (4) into the channel (8) (after measurement of gas area temperature). The temperature of the gas area in the experiments was changed in the range of 500-800 K by the air flow regulation through special holes in the burner (9) and the operation parameter variation of plenum system (12) . The injection of the rod (3) with a heterogeneous droplet was carried out into one of three holes in the channel (8) according to required temperature of gas area. The initial temperature of droplets and inclusions corresponded to the temperature of air in the laboratory room (about 290 K).
Graphite was chosen as the material of solid non-metal inclusion (5) . The complex (6) was used to produce the inclusion in the form of cylindrical disk with fixed sizes (radius 1 mm, height 2 mm) and parallelepiped (a ≈ 1 mm, b ≈ 1 mm, and c ≈ 2 mm). The hole with a radius 0.15 mm and a depth not more than 0.3 mm was done in the particle along the symmetry axis. Using this hole, the carbon particle was fixed on the ceramic rod (the length about 0.25 m). The inclusions in the form of cylindrical disk and parallelepiped were chosen because of some reasons. Firstly, such configuration and small technological hole are minimized (in comparison with sphere) the influence of rod on the conditions of heterogeneous droplet heat-up (there is no contact between water and rod). Secondly, the pilot experiments with inclusions in the form of sphere, parallelepiped, ellipsoid and disk illustrated that the liquid covered steadily the inclusion in the non-spherical form.
The routine of experiments included several stages. At the preliminary stage, the intake of distil water droplet was carried out from the vessel by the electronic one-channel dosing device (2) (Finnpipette novus: minimum taken volume -5 µl, maximum taken volume -50 µl, and variation step -0.1 µl). Then, the weighing was carried out by using the analytical weighing system (1) (VIBRA AF 225DRCE: maximum weight -220 g, minimum weight -0.001 g, and error -not more than 0.5% of measuring weight). The mass of liquid droplets was varied in the range of 5-20 mg by the change of electronic dosing device (2) parameters. After weighing, the intake of water droplet from the base of analytical weighing system (1) was carried out. The droplet of fixed mass was lowered on the graphite inclusion fixed on the rod (3) by using the adapter of dosing device (2) . The movement of ceramic rod (3) was performed in two co-ordinates (along the symmetry axis of cylinder 8 and perpendicular to axis at the insertion of droplets into high-temperature gas area) by using the automated moving mechanisms (10) . After movement of the rod (3) with heterogeneous droplet into a gas area, the video recording of droplet evaporation was implemented. The spotlight (13) was applied to improve the contrast of droplet image, the identification of interfaces in a droplet and liquid film thickness. The obtained video materials were processed on PC (14) by using the TEMA automotive software: the scale factor was calculated by two fixed points, the distance between which was known (the preliminary video recording of calibration target was implemented), the sizes of droplet (maximum sizes in three co-ordinate directions and then the average d was calculated) and liquid film thicknesses (on each edge of particle δ) on an inclusion were determined. The measurements of droplet sizes and film thickness were carried out to record the location of water evaporation surface.
Video recording with the fixation of change of droplet sizes and film thickness was continued in each experiment until complete water evaporation (film thickness did not exceed the value comparable to the error of measuring instruments) or explosion (disintegration) of droplet on a few droplets of significantly smaller sizes. The lifetime τ h of heterogeneous droplet (heating until explosive disintegration or complete evaporation in the form of single droplet) were determined for recorded video by using Phantom camera control software. Errors in size measurements of inclusion, water droplet and film thickness did not exceed 0.01 mm. Repeatability of d and δ determination was 7%. Errors on life times (τ h and τ e ) determination were 1 ms.
Results and discussion
As a result of conducted experiments, it was established that the vaporization of heterogeneous liquid droplets under considered conditions can be according to one of three schemes. At first, their realization depends on gas temperature and characteristics of the inclusion covering by liquid. The experiments illustrated that the liquid lowered by the dosing device can cover the inclusion fully when water mass is less than 7 mg. In case of larger mass, the liquid dripped under gravitational force action and the form of parachute is observed.
The 1 st established scheme of vaporization corresponds to liquid evaporation from a free droplet surface only. In this scheme, the temperatures up to 600 K are characteristic. Figure 2 illustrates the typical video frames with heterogeneous droplet at about 500 K at different times. The significantly non-uniform decrease of liquid film thickness can be noted both during the time and along the inclusion surface. At first, this is due to significantly non-linear dependence of liquid evaporation rate on temperature.
When realizing the 1 st scheme the conditions of intensive vaporization at internal interfaces were not reached. In singular experiments, the cases of the formation of several bubbles at these interfaces were recorded. But their lifetimes were too small -significantly smaller than times of realization of the liquid evaporation process.
The 2 nd scheme ( fig. 3 ) was established for water droplets with single inclusions fully-submerged in them. The realization of this scheme depended on the liquid film thickness around the inclusion. The 1 st scheme was realized, when the thickness was less than 0.2 mm independent from gas temperature. The vaporization was according to the 2 nd scheme at the large thicknesses of film and more than 700 K. The 2 nd scheme included the following stages. The 1 st stage is heat-up of a liquid film around the inclusion until the achievement of conditions of intensive vaporization at internal interfaces. This stage, like everything else, is followed by water evaporation from a free droplet surface. The decrease of droplet sizes at evaporation can be explained by the influence of this factor. The formation of bubbles was recorded after a few seconds from the beginning of droplet heating on the inclusion surface. However, this process can not be called as highspeed or characterized by a sharp increase in the number and sizes of bubbles. They are formed not even over the inclusion. But explosive droplet destruction has occurred after a short time interval (as a general, less than 1 second) from the beginning of first bubble formation. Totally, the process of explosive vaporization was not more than 10 seconds according to the 2 nd scheme at variation of gas temperatures from 700-800 K. The 3 rd scheme corresponded to conditions of partial protrusion out of the droplet surface ( fig. 4 ). This scheme was realized at gas temperatures more than 650 K and characterized by the minimum duration in comparison with two other schemes. The 3 rd scheme included the processes of water evaporation from a free surface of heterogeneous droplet similar to the first two schemes. But the process of vaporization on internal surfaces dominated at realization of considered scheme as opposed to the 1 st and 2 nd ones. It is very important to note the increase of droplet sizes relative to initial (in many cases even in several times) ones due to bubble growth ( fig. 4) . Such effect was not recorded at two other schemes. At first, this is due to intensive energy supply to the internal interfaces through the inclusion at its heating by gases and through the liquid. The energy through the liquid was supplied to the inclusion boundary and accumulated in a thin boundary layer by radiant heat transfer and water transparency, but if through the inclusion -by conductive heat transfer.
Only in the 3 rd scheme the bubbles formed at the interface are departed intensively and merged with neighbor ones. The significant increase of droplet size and filling of the major part of its volume by liquid vapors can be explained by this fact. As a consequence, droplets become sufficiently non-stable at such dynamic change of sizes. Furthermore, the liquid film thickness decreases multiply when the sharp increase of droplet sizes due to vaporization at internal interfaces. This decreases significantly the liquid pressure in comparison with pressure of vapors in- side the droplet. As a consequence, the processes of its explosive destruction ( fig. 4) , which became typical for considered conditions, were recorded after the droplet size increase.
It can be noted that explosions of droplets at temperatures from 650-800 K were recorded sufficiently steadily. When increasing the gas temperature, the established effect was more evident and clear. The gas temperature level (about 800 K) limited for conducted experiments is due to that fact that the changeover to more caloric fuels was accompanied by combustion product formation, part of which disturbed during the recording in consequence of bad or full (soot) non-transparency. For this reason, the temperature range extension of gas area, which is external in relation to droplet, is not possible yet. But it can be supposed that the times of droplet heat-up until explosive destruction will be decreased because of the growth of radiant heat flux to heterogeneous droplet surface when increasing the temperature of gases heating the heterogeneous transparent water droplet according to the analysis and the compilation of experiment results.
Three emphasized schemes of vaporization allowed proving the effect on which the decrease of droplet sizes due to evaporation can be followed within the 1 st scheme only. This is due to bubble boiling mostly in the 2 nd and 3 rd schemes. The formation and growth of bubbles lead to some swelling of the droplet. According to the 3 rd scheme this swelling is significant, at the 2 nd scheme it is moderate, but it was recorded too. The obtained dependences correspond closely to the conclusions of experimental researches [5] [6] [7] of droplet evaporation processes with a group of inclusions. Gas temperature, concentrations, and inclusion sizes are emphasized as the main factors. In the present work, the gas temperature is the determining factor for a scheme and duration of vaporization. Figure 5 (b) illustrates the lifetimes of heterogeneous droplets until the conditions of explosive vaporization. Primarily, the durations, which are significantly different (smaller) in comparison with the durations presented in fig. 5(a) can be noted. This effect is the main one characterizing explosive droplet destruction.
The emphasized features at the realization of three schemes of heterogeneous water droplet vaporization are of interest for two-phase and heterogeneous systems, for example, [13] [14] [15] . The analysis of results [5] [6] [7] and the present work illustrated that the probability of explosive droplet destruction is minimal, when the inclusion sizes are multiply smaller in comparison with a droplet. This effect at comparably sized (not less than 50% of droplet volume) inclusions is the most probable under conditions of high (more than 650 K) tempera-tures. As a consequence, the corresponding sizes of inclusions and heterogeneous droplets can be recommended depending on required effect.
Also it can be noted that the second and 3 rd schemes of vaporization illustrate the fairly different initial conditions, which are necessary and sufficient for explosions in hightemperature heterogeneous gas-droplet applications. In accordance with the 1 st scheme (at complete immersion of inclusion into water), the special preparation of heterogeneous droplets is necessary. It is expedient to choose the inclusions with low thermal conductivity (to accumulate the supplied energy in a small boundary layer near internal interfaces) to enhance the explosion effect. In case of the 3 rd scheme, vice versa, it is expedient to choose the inclusion material with high (more than for liquid) thermal conductivity to accelerate energy supply to internal interfaces.
The model of heat and mass transfer can be formulated by analyzing the results of phase transformation features of heterogeneous water droplet in high-temperature gases, which were established in the conducted experiments. Its main purpose is to predict conditions of explosive vaporization at internal interfaces in a heterogeneous droplet at the intensive heating (experimental researches of all possible factors, effects, and influence of parameters will require the rather more resources in comparison with mathematical simulation). Therefore, it is expedient to make the simple model to provide the possibility of its application by the wide range of specialists. The data analysis of carried out experiments illustrated that, firstly, the developing model should take into account the processes of heat transfer, including conductive and radiant mechanisms, the heat sinks at phase transformations and radiation absorption, as well as the formation of a buffer vapor layer between liquid film and inclusion. Taking into account these factors, the formulated physical and mathematical models are presented in the next sections.
Model and results of numerical simulation
The 1-D axially symmetric scheme was used while formulating the physical statement of simplified heat transfer model. It was recognized that the inclusion was covered around by liquid (the film had the uniform thickness) at the initial time. Initial temperatures of liquid and inclusion (T 0 = 300 K) were significantly less than the temperature of the gas area (T f = 600-1500 K). Similar to the carried out experiments, graphite was regarded as the material of inclusion, gas area was combustion products of industrial alcohol, liquid was distil water.
At T 0 and T f , the heat-up of liquid occurred by conductive and radiant heat transfer taking into account endothermal phase transformations at inclusion/liquid and liquid/gas interfaces. These phase transformations lead to the decrease of water film thickness around the inclusion. As a consequence, droplet size is decreased and thickness of the buffer vapor layer is increased. The biggest part of energy is accumulated at the inclusion/vapor interface by the heat supplied by gas area and its passing into heterogeneous droplet (in consequence of transparency of liquid and vapors). This leads to the sharp increase of temperature at this interface. The buffer vapor layer is heated intensively owing to its thickness. This leads to the domination of endothermal transformations at internal interfaces in a droplet in comparison with transformations at the free surface. Under conditions of intensive vaporization, the pressure of vapors inside a droplet exceeds significantly the pressure caused by surface tension force of liquid and gas area.
While stating the problem, it was accepted that the conditions of explosive vaporization were possible, when values of temperatures (at interfaces) corresponded to liquid boiling (for water T ≈ 370 K). The time of heterogeneous droplet heating until the achievement of in- tensive vaporization, T(R 1 ) ≈ 370 K was calculated from the results of the problem solution. This time was the explosive vaporization time of heterogeneous droplet, τ h . This is due to the fact that the processes of intensive formation and growth of bubbles at internal interfaces preceded the explosive droplet destruction in the 2 nd and 3 rd schemes, emphasized in conducted experiments. These processes illustrated the boiling, which was possible at high temperatures of inclusion surface, in particular, T(R 1 ) ≈ 370 K.
The following system of non-linear non-stationary equations with partial derivatives (0 < τ ≤ τ h ) was used to simulate the described processes:
Initial (τ = 0) conditions: T = T 0 at 0 < R < R 2 . Boundary conditions at 0 < τ ≤ τ h :
e e ( )
The size of buffer vapor layer (R 2 -R 1 ) and the total size of droplet (R 3 ) were calculated by using the approach [16] [17] [18] based on applying the group of expressions taking into account the dynamic pressure of vapors, pressure of liquid, and external area. Depending on a difference of these pressures the necessary thickness (R 2 -R 1 ) of buffer vapor layer was determined by iterations to provide the balance of pressures [18] . This pressure balance of vapors and liquid film provided the integrity of liquid film around an inclusion.
The evaporation speeds, W e , at inclusion/liquid and liquid/gas interfaces were determined by using the dependence established resulting from experimental data processing [17] : W e (T) = 5•10 -5 exp 0.02T. It was established in the carried out experiments that the energy can be supplied to internal interfaces through inclusion and liquid. To estimate the influence of this effect on conditions of explosive vaporization in the model, the boundary condition (4) was changed:
Equation (13) accounted the energy supply to inclusion from the gas area directly (without liquid film).
The system of eqs. (1)- (13) was solved by finite difference method [19] . The discretized equations were solved by iterations [19] . The sweep method using an implicit four-point difference scheme [19] was applied to solve 1-D difference equations. The reliability of numerical research results is determined in several steps. Firstly, calculation examples show that when the time step or mesh size decreases by a factor of 10 and 2, respectively, the numerical results vary by less than 0.5%, which justifies the used time step and mesh sizes [15, 16] . Secondly, it is provided from a perfect agreement between the modelled and experimental results.
The initial temperature of water droplet with solid inclusion (T 0 = 300 K), external gaseous area (T f = 600-1500 K), initial droplet size (R 1 = 0.5-2 mm), initial liquid film thickness (δ = 0.1-1 mm) were the initial data at numerical simulation. The thermal and physical characteristics of carbon particle, distil water, combustion products of industrial alcohol, and optical properties of liquid and inclusion were chosen according to [20] [21] [22] .
The features of heat transfer of different vaporization schemes were established by the results of conducted numerical simulation. In particular, it was able to establish the influence of the effect of vapor layer formation between liquid film and inclusion on the vaporization conditions at numerical simulation, to analyze the physical differences of energy supply to internal interfaces through inclusion and liquid, to emphasize the role of radiant heat transfer in heterogeneous droplet. Figure 6 (a) illustrates the temperature distributions of liquid during its heating in high-temperature gas area (it was considered the case without formation of the buffer vapor layer between inclusion and liquid). The significantly non-uniform heat-up (over the thickness) of liquid film can be noted. This is due to the substantial impact of phase transformations at interfaces and the determining role of the radiant heat transfer in a droplet. In particular, it is clearly seen, see fig. 6(a) , that the temperature at inclusion/liquid interface growths faster than over the liquid film thickness.
The distribution of temperatures is changed significantly, see fig. 6 (b), when forming the vapor layer between the liquid and inclusion. Primarily, the significant decrease of inclusion surface heat-up times until temperatures, providing the liquid boiling at internal interfaces and explosive vaporization can be noted. This is due to the fact that the accumulation of radiant thermal flux of gas area and the energy consumption for endothermal phase transformation occur at different interfaces (inclusion/vapor and vapor/liquid). Since the liquid and vapor are transparent and inclusion is non-transparent, the main part of radiant thermal flux is accumulated at the surface of inclusion. The formation and growth of layer lead to vapor/liquid boundary displacement from interface to droplet surface. This leads to the intensification of vapor heat-up in a small wall boundary layer and, as a consequence, the increase of vapor pressure in this area. The explosive vaporization times are significantly smaller than in heterogeneous droplet without regard to the vapor layer at internal interfaces. fig. 7) . Also, this can explain the smaller values of limited gas temperatures, at which explosive vaporization takes place ( fig. 7) .
The dependences presented in fig. 7 allow concluding about the important role of thermal and physical characteristics of inclusion material. When the thermal conductivity of inclusion is higher than liquid, the times, τ h , could be decreased by larger protrusion of inclusion over the droplet surface (most of gas energy will be supplied to internal interfaces through a particle rather than liquid). When the thermal conductivity of inclusion is less than liquid, it seems expedient to use another effect -the accumulation of energy, passing through the liquid, near the surface of non-transparent inclusion (these conditions correspond mostly to the 2 nd scheme of vaporization, which was established in the conducted experiments).
The physical features emphasized while simulating, can explain the minimum temperatures of gases, at which explosive vaporization is possible for different models. In particular, fig. 7 illustrates that the explosive vaporization is realized even at about 800 K at energy supply to the internal interface through the inclusion and liquid. The minimum temperatures of gases are higher than this value (1200 K and 1300 K, correspondingly) for two other models. However, the minimum gas temperatures established during the simulation and which are sufficient for explosive vaporization, correspond to the temperatures from experiments (especially, if the model with energy supply to the interface through inclusion and liquid is taken into consideration). It is evident that the close agreement of theoretical and experimental results in this case can be reached by the development of 2-D or even spatial models taking into account the main processes of heat-and mass transfer. Also, the satisfactory fit of limited temperatures of gases in experiments and models can be reached at the correction of required temperature at internal interfaces for explosive droplet destruction (it was temperature about 370 K in the present work, it can be lower in actual practice -for example, about 340-350 K; as a consequence, the times, τ h , and gas temperatures will be decreased to times and temperatures emphasized in the experiments). Unfortunately, the approaches and experimental methods for reliable measurement of temperature at internal interfaces during intensive vaporization have not been developed yet. But the models, presented in this work, can be applied to predict and estimate explosive vaporization conditions, stages and mechanism of this process.
The carried out numerical and experimental investigations illustrated that the explosive destruction of heterogeneous droplets in high-temperature gas areas was possible by intensive vaporization. It was realized with high stability at high temperature of gases. As a consequence, this effect can be applied in various gas-vapor-droplet technologies (examples are: thermal or flame cleaning of water; gas-vapor-droplet heat carriers; processing of power engineering equipment surfaces; fire extinguishing by using special heterogeneous mixtures and aerosols) at intensification of vaporization.
Conclusions
The carried out research allowed recording the conditions of explosive destruction of a heterogeneous droplet in high-temperature gas area. It was established that large heat fluxes to inclusion/liquid interface are the necessary conditions for this effect. The conducted experiments illustrated that two schemes of droplet explosion with different processes of energy supply to internal interfaces and one scheme of intensive evaporation from a free surface of heterogeneous droplet were possible. The established laws allowed developing the physical and mathematical models of heat and mass transfer taking into account the formation of vapor layer between liquid film and inclusion. The prediction of the main parameters influence of studying process on explosive vaporization times was carried out by using this model. The 
